ABSTRACT
INTRODUCTION
A variety of so-called reporter genes have been used to assess transcriptional activity in eukaryotic and prokaryotic cells, including β -galactosidase, chloramphenicol acetyltransferase (CAT) and bacterial and firefly luciferase. Ease of measurement, low endogenous background activity and sensitivity are all important factors in developing and using a reporter gene system. The firefly ( Photinus pyralis -North American firefly) luciferase gene is particularly attractive as a reporter gene because (i) the enzyme is encoded from a single gene and needs no post-translational modifications; (ii)endogenous luminescence is not a property of normal cells and hence will not interfere with luciferase detection; (iii) the luciferase assay is rapid, relatively inexpensive and does not use radioactive materials; and (iv) the luciferase assay has a very large dynamic range (2, 4, 5, 8, 12) . In addition, the luciferase reporter gene system has great sensitivity, permitting detection of levels of transcription too low to be assayed by other reporter genes (11) . In fact, comparisons of luciferase and CAT as reporter genes have indicated luciferase may be 10-fold to 1000-fold more sensitive than CAT (5, 10) .
Typically, lysates of transfected cells are combined with the substrate luciferin, and light output from the reaction is measured as an indicator of reporter gene product (5, 8) . When excess substrate is present, the light output is proportional to the amount of luciferase present (3, 5) . Light output is often measured with a luminometer or liquid scintillation counter (1, 5, 7) . One problem with using cell lysates for luciferase assays is that such an assay terminates cell viability and hence provides only a "snapshot" of that particular gene's activity at one point in time. For monitoring gene changes over the course of time and/or as a function of various inducing/repressing agents (i.e., real-time monitoring), assays of the gene's activity in intact cells is required. Some investigators have used the assay on intact cells by adding luciferin to the culture medium and recording light output without destroying the cells (9) . Direct application of devices used for luciferase assays of cell lysates to intact cell cultures is often difficult, although such instrumentation has been used in intact cell assays of luciferase (5) . Luminometers and scintillation counters have inflexible geometrical constraints requiring certain assay vial configurations. Some investigators have used X-ray film to indirectly measure light output from luciferase-containing cells (8, 12) , but this adds considerable complication to the assay itself and the quantification of light output. The most common approach to assessing luciferase activity in intact cells is to use a charge-coupled device (CCD) camera/single-photon counting camera (6, 9, 11) . A difficulty with intact cell assays, when studying mammalian cells, is that the total light flux may be very low. We have been unable to record the light from luciferase expressing MVLN cells (an MCF-7-derived cell line, see Reference 9) using a microscope-mounted, thermoelectrically cooled CCD camera with averaging times of up to 15 min. Monolayers of these cells produce on the order of 10 000 photons per square centimeter per second. Because of this low light output, which occurs with certain cell types, some investigators have resorted to sensitive single-photon counting cameras (6, 9) . However, the cost of such instruments may exceed many research budgets, and, frequently, the experiment in question does not require imaging of the cells. While imaging may provide information about the spatial distribution of luciferase, it is often necessary only to determine changes in luciferase content averaged over a group of cells. Other methods for measuring gene expression, such as Northern analysis or CAT, produce similarly averaged results because the cell lysate used in the analysis includes the contents of many cells.
We have developed a system for measurement of average light output for luciferase assay that offers the sensitivity of single-photon counting without the high cost of imaging. The system is based on a commercially available, single-photon counting photomultiplier tube and requires little knowledge of electronics for assembly. When operated either manually, or automatically using a personal computer, it provides accurate measurement of extremely low light levels for real-time monitoring of luciferase reporter gene expression.
MATERIALS AND METHODS
The light-measurement system can be built inside any light-tight enclosure, but we have used a commercial incubator as the enclosure so that experiments can be conducted with controlled temperature, humidity and CO 2 content. One or more photomultiplier tubes (PMTs) are positioned vertically inside the incubator (shelves removed) using laboratory ring stands (see Figure 1) . The Model HC124-03 PMTs are available from Hamamatsu Photonic Systems (Bridgewater, NJ, USA). These PMTs are simple to operate because they include both the high voltage supply and photon-counting circuitry within the device. Five wires of different colors plus a thicker black wire are attached to the PMTs, but the blue wire is unnecessary for operation and can be simply taped and set aside (the blue wire is provided by the manufacturer for optional resistance programming of the PMT as described in the literature supplied with the device). The remaining wires must be passed through an opening in the incubator so that they can be connected to other instruments. It is likely that you will need to solder extensions to the yellow, white, red and thin black wires so that they will be long enough to reach outside your incubator. The thicker black wire coming from the PMT is a coaxial signal line that carries logic level pulses to the counter. For best results, attach a female BNC connector to the end of this wire, and use another length of coaxial cable with BNC (male) connectors to extend this line to the outside of the incubator. Regular wire (non-coaxial) is unsuitable for this signal line because of the fast rise times and high data rate (up to 1 MHz) of the PMT output signal.
Other instruments required are a counter and a power supply. We use a Model HP53131A counter and two HP E3630A triple-output dc power supplies (Hewlett Packard, Santa Clara, CA, USA), but any counter capable of a few megahertz counting rate is sufficient. The power supplies must provide +12 V, +5 V and an adjustable voltage ranging from 0 to +1 V. To power the PMTs, simply connect the red wire to the +12 supply, the yellow wire to the +5 supply, the small black wire to common (commons of all three voltages should be connected together) and the white wire to the adjustable voltage (set at a voltage of 1.00 V dc or slightly lower). The coaxial line should be connected to the input of the counter.
Exclusion of ambient light from the enclosure (incubator) is paramount because of the extremely low light levels being measured. We have found it necessary to plug any remaining space in the hole the wires pass through and to add a removable cover to the front of the incubator during experiments to reduce light leakage. It should also be noted that the PMTs can be irreversibly damaged if exposed to any appreciable source of light (even ambient room light) when the power supplies are turned on. We simply turn off the power supplies before opening the door of the incubator to avoid such damage. The only disadvantage of this approach is that the PMTs require a minute or two to stabilize after they are turned on. Alternatively, the system could include an interlock switch that interrupts the power to the PMT any time the incubator door is opened.
Light output from cells may vary from one experiment to the next, so we mount an optical filter assembly over the top of the vertical PMTs (see Figure  1 ) to allow us to adjust the amount of light entering the PMT. A neutral density filter set (Catalog Nos. C30,894, C30,895 and C30,896 for filters having transmissions of 50%, 32% and 10%, respectively; Edmund Scientific, 
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Barrington, NJ, USA) works well mounted in a filter holder assembly (Catalog Nos. LM1A and LM1B; Thorlabs, Newton, NJ, USA). The filter arrangement is optional unless the cells being studied produce a photon flux exceeding the operational range of the PMT, which is about 10 6 photons/s. In this system, the PMT dark current is observed as a background counting rate. The Hamamatsu units produce a mean dark count of about 200-300 counts/s at room temperature when all light is excluded. We observe a mean dark count of about 1000 counts/s when the PMT is mounted inside the incubator at 37°C. An increase in dark count is to be expected when the ambient temperature of the PMT is increased. These dark counts represent an intrinsic limit on the measurement accuracy of the system. The number of dark counts exhibits a Poisson distribution around the mean, so the standard deviation is the square root of the mean number of counts. In other words, dark count readings with a mean of 1000 will fluctuate from one second to the next with a standard deviation of about 32 counts.
An alternative arrangement that positions the PMT outside the incubator can be used to keep the dark current low. We used this arrangement initially because of concern that the incubator temperature and humidity might harm the PMT. In this case, an optical light guide (Liquid Light Guide, 5-mm core diameter, Model No. 77556; Oriel, Stratford, CT, USA) must be used to transmit light from the culture dish inside the incubator to the PMT outside the incubator. Another advantage of this arrangement is that an optical shutter can be used to exclude light from the PMT when the incubator is opened without turning off the power supplies.
E xperience has indicated that the fiber-optic approach suffers a major disadvantage due to the following factors. First, a totally uniform seeding of MVLN cells across the dish cannot be achieved (except when enough cells are seeded to form a confluent monolayer, which then allows no room for growth), so there are areas of greater and lesser cell density throughout the dish in an actively growing culture. Second, it is not known whether all cells produce light uniformly. Metabolic state of the cell, position in the cell cycle, cell distribution density, etc., may all affect light production from cell to cell. Even by using the largest diameter light guide we found available (5 mm), this approach samples light from only a small portion of the culture dish. Readings can vary substantially (a factor of two or more) as the light guide is positioned under different areas of the dish. We attempted to circumvent this problem by using a mechanical rotating device (MotionMaster 2000, Advanced Motion Controller; Newport/Klinger, Irvine, CA, USA) to move the culture dish back and forth across the light guide to average the light output from a 5-mm-wide arc across the dish. This approach reduced dish-to-dish variability (see Table 1 ), but still was not as good as the whole-dish averaging obtained when the PMT was mounted inside the incubator and the culture dish was placed directly on top of it ( Figure 1 ).
Dark-count readings can be taken before and after light measurements and the mean dark count subtracted from the light measurements. Variability due to dark-count fluctuations and the measurement process is relatively small. If a culture dish produces a mean light output of 10 000 counts/s, the reading (ignoring dark counts for the moment) will vary from second to second with a standard deviation of 100 counts. In this case, the standard deviation is only 1% of the mean. If the mean dark count is 1000 counts/s, the overall reading will have a mean of 11 000 counts/s and a standard deviation of 10 5 counts/s. After subtracting the mean dark count from the reading, the total error due to counting statistics is only 1.05%. Data analysis as above, along with experience with the PMT, has led us to the conclusion that positioning the PMT inside the incubator produces the most accurate and consistent results. Normal dish-to-dish variability far exceeds variation due to counting statistics, and any increased variability from higher dark counts is more than offset by the improvement in dish-to-dish measurement consistency. We have also found that the PMT functions without problem in the incubator environment. Although the temperature of the PMT rises slightly during operation, we have noted no significant increase in the temperature of the cell culture medium.
Counting errors can be reduced by time averaging. Our counter includes built-in statistical capability that can be programmed to count for several 
Replicate cultures of MVLN cells were seeded at 2 × 10 5 cells/35-mm culture dish and grown for 6 days. On day 6, luciferin was added to a final concentration of 314 µ M, and the light output was immediately assayed for 8 min. Photon counts/s reported for each dish were the mean of 25-s samples (usually 8 samples were used for each mean) once the photon counts had reached a plateau (i.e., approximately 4 min after adding luciferin). (9) , were kindly provided to us by Dr. Michel Pons (INSERM, Montpellier, France) and were used for all cell studies described in this paper. Cultures were routinely grown in phenol red-free Dulbecco's modified Eagle medium (DMEM) (a 1:1 mixture of high glucose and low glucose DMEM [Life Technologies, Gaithersburg, MD, USA] to obtain an intermediate glucose concentration of 2250 mg/L) supplemented with 5% fetal bovine serum. For experiments where light output was to be measured, 2 ×10 5 cells were seeded into 35-mm cell culture dishes (Falcon ® No. 3001; Becton Dickinson, Lincoln, NJ, USA) in 2 mL of medium and allowed to grow for various lengths of time before assay. Various lot numbers of dishes were used with no apparent effect on luciferase activity measurements. For estradiol induction or tamoxifen treatment, a concentrated solution of the hormone or drug was prepared in ethanol, and aliquots were added to cell culture dishes to achieve final desired concentrations (e.g., 1 × 10 -9 M estradiol, 1 ×10 -6 M tamoxifen). The same volume of ethanol was added to control dishes, resulting in a final concentration of ethanol in the culture dishes of 1 µ L/ mL. β -Estradiol and tamoxifen were purchased from Sigma Chemical (St. Louis, MO, USA).
For luciferase assays in intact cells, a solution of luciferin (potassium salt; Molecular Probes, Eugene, OR, USA) in phosphate-buffered saline (PBS) was prepared (5.44 mM), and 100 µ L of this solution were added to 2 mL of medium in a 35-mm culture dish to produce a final luciferin concentration of 314 µ M in the culture dish. The luciferin solution was freshly prepared before each use and stored at 4°C in the dark if it was to be used for multiple dishes. For purified luciferase assays in a cellfree system, 50-µ L aliquots of various luciferase dilutions were added to 450 µ L of an assay buffer of the following composition in a small glass vial: 20 mM tricine, 2.67 mM MgSO 4 , 0.1 mM EDTA, 33.3 mM dithiothreitol, 270 µ M coenzyme A, 530 µ M ATP and 470 µ M luciferin, final pH adjusted to 7.8. A solution of the purified luciferase (Sigma Chemical) was prepared to be 1.71 µ M in a buffer of the following composition: 0.5 M Tris . succinate, pH 7.7, 3 µ M dithiothreitol and 0.1 mg/mL bovine serum albumin (BSA). Dilutions of the enzyme were made in the same buffer. In both the case of intact cell assays and purified enzyme assays, after the last ingredient (luciferin substrate or luciferase, respectively) was added, the dishes or vials were immediately placed upon the PMTs, and the light output was assayed by collecting 25-s averaged photon counts every minute for 14 min. In the case of the overnight induction experiment, 25-s averages were collected every 30 min for a total time of 14 h. Unless specified, other reagents were obtained from standard biochemical supply companies.
RESULTS AND DISCUSSION
The data in Table 1 clearly indicate that sampling light output over most of the culture dish area (dish mounted on top of the PMT) produced the least dish-to-dish variability of any of the three techniques used. The cell number per dish (determined by trypsinization after photon counting) was approximately the same (8 × 10 5 cells/dish) for the first two experimental setups, but was somewhat higher (1 ×10 6 cells/ dish) for the stationary dish mounted upon the optical fiber. However, it is not expected that this difference in cell number would lead to greater dish-todish variability as compared to the other two arrangements.
We have used the system described above for both "snapshot" and timecourse studies of luciferase expression. In the first case, we set up several identical culture dishes and apply different treatments to groups of dishes. For example, we may treat some dishes with estradiol or tamoxifen and leave another group of dishes untreated to serve as controls. After incubating the cells for 4-8 days, we add luciferin to two of the dishes and place them in the photoncounting incubator for about 14 min of measurements. This process is repeated until light output from all of the dishes has been measured. We then perform statistical analysis on the three treatment groups. Figure 2 illustrates the results from such an experiment using the MotionMaster 2000 procedure to reduce dish-to-dish variability. In this experiment, 4 dishes per treatment group were used, and estradiol or tamoxifen was added 24 h before the light output was assayed. The two treatments very clearly affected luciferase gene expression, and these results were obtained using very short assays (i.e., 14 min) for each individual dish. Estradiol at a concentration of 1 × 10 -9 M produced a doubling of light output compared to control cultures when it was added 24 h prior to luciferase assay. No attempt was made to decrease the levels of estradiol in the fetal calf serum (FCS) (e.g., by charcoal stripping) used in the cell culture medium. The control levels of luciferase activity observed in Figure  2 therefore probably reflect some level of endogenous estradiol activation due to the FCS. The inhibition of luciferase activity produced by 1 × 10 -6 tamoxifen (approximately 50% decrease from control levels) is consistent with this interpretation, as a decrease of this magnitude is not expected in the absence of estradiol (9) .
Time-course measurements are performed using one control dish and one treated dish, with the treatment beginning just before the dishes are placed in the photon-counting incubator. As an example, we include data here from a control and an estradiol-treated dish of MVLN cells (Figure 3 ). Each dish is placed on a PMT inside the incubator, and the computer is programmed to take readings every 30 min for 14 h. experiment. Light output from the two dishes is similar at the beginning of the experiment, but begins to diverge after approximately 3 h, and the difference in light output continues to increase throughout the experiment. Although at the start of the experiment the light output from the two dishes are not exactly the same (total photon/s counts showed a difference of 100 between the dishes), this is to be expected, most probably due to slight differences in seeding at the start of the experiment or small differences in growth during the 7 days of culture. Figure 3 demonstrates the practicality of applying the experimental apparatus described to continuously monitor gene expression.
We have found that the system described here reduces dramatically the amount of effort and time required to obtain information about the time dynamics of reporter gene expression. It permits investigation of these processes with minimal perturbation of the cellular system. No cell lysing, centrifuging or other multistep procedures are required that may result in small but potentially cumulative systematic errors.
The relatively short half-life of luciferase makes it a useful reporter gene for time-course studies, and a simple relationship between detected light output and gene expression can be developed. Luciferase has an estimated halflife ( t 1/2 ) of about 3 h inside cells (10) . Assuming that light output is directly proportional to the total number of luciferase molecules (5), the rate of luciferase production will be governed by the following equation:
Here N(t) is the total number of luciferase molecules, N′ (t) is the time rate of change of luciferase molecules, λ is ln(2)/ t 1/2 and R(t) is the rate of luciferase production. The total number of luciferase molecules, N(t), is not directly measureable with the PMT, but the measured photon flux, P(t), will be proportional to N(t) as long as the culture dish maintains a fixed position relative to the PMT during the experiment. Consequently, it is possible to obtain information about the relative rate of luciferase production from the PMT data. If P 1 and P 2 are the measured photon fluxes at two different times during an experiment, then the ratio of the corresponding luciferase production rates, R 1 and R 2, at those times can be found using equation 2.
Both the magnitude, P, and the slope, P ′ , of the PMT output are needed to determine the relative production rates. The reason for this relationship is that the exponential decay of luciferase slows the response of the system to changes in luciferase production rate. When an equilibrium condition is reached (the PMT output remains constant over some time period), the luciferase production rate is equal to the decay rate. In this case, the slope, P ′ , is zero. Comparing photon fluxes of two equilibrium states simplifies equation 2 since the slopes are zero in each case.
reveals that the ratio of photon fluxes during two equilibrium conditions is equal to the ratio of luciferase production at those times. For example, a doubling of photon flux corresponds to a doubling of the rate of luciferase production. These relationships should also hold when a group of treated cells is compared to a control group, within statistical uncertainty. Determination of the ratio of luciferase production rates at times when the photon flux is changing requires the use of equation 2. The ability of this technique to measure small changes in gene expression depends mainly on variability between control and treated culture dishes. While we observed large dishto-dish variations using the fiber-optic techniques, our results improved significantly when the PMT was placed inside the incubator and the culture dish was placed directly above it. With typical standard deviations of about 10% of the mean photon flux, statistically significant differences in mean photon flux of 25% between treatment groups can be observed easily using 6-10 culture dishes per group. The ability to measure small changes in the rate of gene expression in real time makes this inexpensive system extremely valuable for studies of agents that exert a small or temporally complex influence on transcriptional events. Its extreme sensitivity may also be useful for real-time studies of intracellular calcium or other substances by using bioluminescent markers such as aqueorin.
A comparison can be made between the limiting number of luciferase molecules detectable by the use of our experimental apparatus and published results of others. A solution of purified luciferase was prepared, dilutions were made and light output was assessed by adding aliquots of the diluted enzyme to a substrate solution whose composition is detailed in the methods section. The enzyme activity was assayed in small glass vials that were placed directly upon the top of a PMT (no filter interposed) immediately following enzyme addition. A very definite increase in photon counts/s above background (i.e., ca. 7000 photons/s vs. 2300 photons/s dark current + background light) was observed using a solution of 3 × 10 -15 M luciferase in the assay. Taking the volume of enzyme used into account, approximately 9 ×10 4 molecules of luciferase were present in this solution. This compares very favorably with a minimum amount of luciferase detectable by the luminometer of 3 × 10 6 molecules (5). The accuracy of this estimate of the minimal number of luciferase molecules detectable by our system may be limited by (i) possible loss of luciferase activity due to extreme dilution of the enzyme, although adventitious protein (BSA) was included in great excess (0.1 mg/mL) in the diluent buffer to reduce such losses, and (ii)possible differences in light collection efficiencies between glass vials and plastic 35-mm culture dishes. Glass vials were used for the minimum light detection assays to better define the position of the very small volume of assay solution used in this experiment.
